ABSTRACT A role for calcium/calcium-binding proteins in a mechanism of signaling elicitor-inducible phytoalexin biosynthesis was investigated. Two classes of calcium/calmodulin antagonists, phenothiazines and naphthalenesulfonamides, inhibited sesquiterpene phytoalexin accumulation in tobacco (Nicotiana tabacum) cellsuspension cultures when added 1 h before elicitor. The antagonists also inhibited the induction of sesquiterpene cyclase enzyme activity, a key regulatory enzyme for sesquiterpene biosynthesis. The antagonists suppressed the induction of sesquiterpene cyclase only if added before or simultaneously with elicitor. Additionally, the antagonists inhibited (a) accumulation of the cyclase protein as measured in immunoblots; (b) the in vivo synthesis rate of the cyclase protein, measured as the incorporation of [35S]methionine into immunoprecipitable cyclase protein; and (c) the cyclase mRNA translational activity, measured as the incorporation of [35S]-methionine into immunoprecipitable cyclase protein synthesized by in vitro translation of RNA isolated from antagonist-treated, elicitor-induced cells. In contrast, elicitor-inducible phenylalanine ammonia lyase enzyme activity, the level of the enzyme protein, the in vivo synthesis rate, and the mRNA translational activity were not affected by any of the antagonist treatments. Uptake and incorporation of [35S]methionine into total cellular proteins and total in vitro translation products were also not indiscriminately altered by the antagonist treatments. The current results suggest that calcium and/or calmodulin-like proteins may be elements of a signal transduction pathway mediating elicitor-induced accumulation of phytoalexins in tobacco.
ognition between pathogen and plant, and the subsequent transduction of that recognition phenomenon into an activation of the defensive response. Evidence for recognition specificity has recently been obtained in experiments demonstrating specific elicitors (11) , factors of pathogen or host origin that elicit specific defensive responses, and receptors, host factors that bind a specific elicitor (10, 30) . However, how such recognition events might be transduced into an intracellular signal eventually leading to the activation of an inducible defense response is currently unknown (12) .
Calcium has been implicated as a second messenger in a number of signal transduction pathways. In animal systems, recognition events can lead to transient increases in the intracellular levels of calcium, and the additional calcium can subsequently bind to and activate calcium-binding proteins, including calmodulin (1) . The calcium/calmodulin complexes can, in turn, activate other proteins, including protein kinases, which are important for transcriptional regulation (19) . No comparable evidence for calcium and calmodulin in a signal transduction pathway in plants is currently available. Nonetheless, calcium and calmodulin are abundant in plants and have been implicated in a number of signal transduction pathways (14, 17, 25, 27, 28) .
Particularly relevant to our investigation, Kurosaki et al. (22) observed an inhibition of phytoalexin accumulation in pectic elicitor-treated carrot (Daucus carota) cells if calcium antagonists were used. Zook et al. (40) and Stab and Ebel (33) provided evidence for the necessity of calcium in the elicitation of phytoalexins in potato (Solanum tuberosum) and soybean (Glycine max), respectively. In contrast, Kendra and Hadwiger (20) did not find compelling evidence for an involvement of calcium or calmodulin in the elicitation of pisatin accumulation in pea (Pisum sativum). More recently, Knight et al. (21) demonstrated that elicitation of tobacco (Nicotiana tabacum) resulted in a rapid but transient increase in intracellular calcium levels. None of these studies, however, investigated whether calcium/calcium-binding proteins interacted directly with enzymes for phytoalexin biosynthesis or possibly affected the expression of the genes coding for these enzymes. Tobacco plants challenged with a variety of pathogens accumulate large amounts of sesquiterpene phytoalexins (8) . Similar sesquiterpenoids are synthesized and secreted into the media of tobacco cell-suspension cultures upon addition of cellulase (9) or fungal cell wall fragments prepared from Phytophthora parasitica (8) . Previous work correlated the induction of sesquiterpenoid accumulation with an induction of a sesquiterpene cyclase, 5-epi-aristolochene synthase (34, 36) . Regulation of the cyclase enzyme activity was recently demonstrated to be controlled primarily by the transcription rate of the respective gene (37) KY 14 were maintained in Murashige-Skoog medium as previously described (8) . Cell cultures in their rapid phase of growth, corresponding to 3 d after subculturing, were used for all the experiments presented. Elicitor treatment was initiated by the addition of 2 to 2.5 ug of Glc equivalents of fungal cell wall hydrolysate per mL of cell culture. In preliminary experiments, the amount of elicitor used was optimized for maximal capsidiol production and induction of cyclase enzyme activity. The elicitor was prepared from the cell walls of Phytophthora parasitica according to the method of Ayers et al. (2) . The calmodulin antagonists were added to the cell cultures 1 h before the initiation of the elicitor treatment, except when otherwise indicated. W7 (5, 23) . Aliquots of 300,000 dpm were used to determine the amount of radioactivity incorporated into immunoprecipitable cyclase and PAL protein.
RNA Isolation and in Vitro Translation
Total RNA was isolated according to the method of VogeliLange et al. (38) . Total RNA (12 gg) was used in a 15-,uL in vitro translation assay containing 10 gGCi of [35S]methionine.
The incorporation of radioactivity into TCA-precipitable material was determined in 1-,L aliquots. Samples containing equal amounts of TCA-precipitable radioactivity (160,000 dpm) were used for immunoprecipitations, and samples containing 60,000 dpm were analyzed for the total in vitro translation products by SDS-PAGE/fluorography (5, 23).
Immunological Techniques
Immunoblot analysis of proteins separated by SDS-PAGE and specific immunoprecipitation of the radioactive cyclase and PAL proteins produced in vivo or in vitro have been described previously (37) . The PAL antibodies were kindly provided by Dr. Lee Hadwiger (Washington State University, Pullman, WA). Optimal amounts of PAL and cyclase antibody required for quantitative precipitations were determined empirically. The amount of radioactivity associated with an immunoprecipitate was determined by scintillation spectrophotometry of appropriately excised regions of the SDSpolyacrylamide gels.
RESULTS

Elicitor-induced Capsidiol Accumulation Is Suppressed by Calcium/Calmodulin Antagonists
The accumulation of extracellular capsidiol was determined in tobacco cell-suspension cultures treated for 11 h with VOGELI ET AL.
elicitor and compared with the capsidiol content of cell cultures that had received different calcium-calmodulin antagonists 1 h before the elicitor (Table I) . Representatives of the naphthalenesulfonamide and phenothiazine class of calcium/ calmodulin antagonists, W7 and TFP, respectively, suppressed elicitor-induced capsidiol accumulation in a concentration-dependent manner. W7 or TFP at 200 ,uM resulted in a 68 and 98% reduction of capsidiol in the media of the elicitor-treated cell cultures, respectively. W5, a structural analog of W7 possessing a much lower affinity for calmodulin (18) , did not interfere with elicitor-induced capsidiol accumulation at these concentrations. W7 and TFP also reduced the intracellular capsidiol content, which normally represents 5 to 10% of the total extra-and intracellular capsidiol found in elicitor-treated cultures (8) , paralleling the effect observed on the capsidiol content in the media (data not shown). The antagonists by themselves (without elicitor) did not induce capsidiol accumulation under any experimental conditions.
Calcium/Calmodulin Antagonists Suppress
Elicitor-inducible Sesquiterpene Cyclase Activity
The effect of the antagonists on sesquiterpene cyclase activity was determined to test the possibility that the calcium/calmodulin antagonists interfered with the elicitor-mediated induction of sesquiterpene biosynthetic enzymes. Sesquiterpene cyclase enzyme activity is not detectable in control cell cultures, but is induced in elicitor-treated cell cultures and is considered a key branch point enzyme for the diversion of carbon into the synthesis of sesquiterpenes (36) . In Table  II , the cyclase enzyme activity of elicitor-treated cells is compared with that of cells that received different calcium/calmodulin antagonists 1 h before the addition of elicitor. All three antagonists, W7, TFP, and CP suppressed the elicitor inducibility of sesquiterpene cyclase enzyme activity in a concentration-dependent manner. The induction of the cyclase enzyme activity was reduced approximately 50% by [34S]methionine, and extracts of the in vivo synthesized proteins were prepared. Aliquots of the in vivo labeled proteins were incubated with cyclase and PAL antibodies, and the imil.ioprecipitates were evaluated by SDS-PAGE/fluorography to determine the synthesis rate of the sesquiterpene cyclase and PAL proteins (Fig. 4) . Incorporation of radioac- Effects of calcium/calmodulin antagonists on total in vivo protein synthesis capacity of control and elicitor-treated cell suspension cultures. A, Aliquots of equal TCA-precipitable radioactivity from cell extracts described in Figure 4 were separated by SDS-PAGE and the radioactive proteins detected by fluorography. B, As a measure of the [35S]methionine uptake and incorporation rate, the specific radioactivity (dpm per mg of protein) is also presented. Incorporation of radioactivity into in vitro translation products immunoprecipitable with the cyclase and the PAL antibodies was quantified as a measure of the cyclase and PAL mRNA translational activities and was compared with the enzyme activities measured in the respectively treated cells (Fig. 6 ). The specificity of the immunoprecipitations was further evaluated by SDS-PAGE/fluorography (Fig. 6 ).
Cyclase mRNA translational activity was not detectable in RNA isolated from control or antagonist-treated cell cultures. However, the level of cyclase mRNA translational activity in elicitor-treated cells was similar to that previously described (37) . The cyclase translational activity was substantially reduced when elicitor-treated cell cultures were exposed to the calmodulin antagonists, 15 to 72% depending on antagonist and concentration used. The decreased cyclase mRNA translational activity was also paralleled by a suppression in the extractable cyclase enzyme activity. The level of the PAL A number of other reports support our observations and provide provocative implications for a calcium-based signal transduction mechanism controlling elicitor-induced phytoalexin biosynthesis in tobacco. Earlier work implicated calcium as a potential second messenger in elicitor-induced phytoalexin biosynthesis in potato (40) , carrot (22) , and soybean (33) but perhaps not in pea (20) . More (21, 24) . Perhaps, elicitor recognition results in a transient elevation of cytoplasmic calcium, which activates a calciumdependent kinase. This could be a type II kinase that requires both calcium and calmodulin for optimal activity (31) or one related to the calcium-dependent, calmodulin-independent kinases recently described by Harper et al. (17) and Li et al. (24) . The calcium-stimulated kinase would then be responsible for phosphorylating additional proteins, one of which is directed toward the activation of sesquiterpene cyclase gene expression. Evidence of transient changes in the phosphorylation patterns of proteins in elicitor-treated cells (16) and in extracts incubated with oligosaccharides (15) and activation of gene expression by phosphorylation of transacting factors (19) provides additional support for such speculation. A possible test of this hypothesis would be to determine whether cyclase gene expression was constitutive in cells engineered with a constitutive calcium-independent protein kinase, much like that described by Kapiloff et al. (19) .
